The frequency and amplitude characteristics of vibration experienced at the feet under typical mining equipment operation were documented in this study. Foottransmitted vibration (FTV) was measured using a tri-axial accelerometer mounted at the location where the worker stood. A musculoskeletal disorder questionnaire, work history and demographic information were also collected. Vibration from locomotives (primary source exposure) had a dominant frequency below 6.3 Hz; whereas, drilling and raise platforms (secondary source exposures) were predominantly in the 31.5 to 40 Hz range. All workers reported lower limb discomfort and two had been diagnosed with vibration induced white feet. All raise platforms exposed the workers to vibration levels that placed them above the ISO 2631-1 health guidance caution zone for an 8-hour exposure. Further investigation using both ISO 2631-1 and ISO 5341-1 standards is needed to determine long-term health effects to the whole-body and feet of workers exposed to FTV.
occur if the vibration exposure is in the resonance frequency range for a particular body region. Due to the differences in resonant frequencies in the various regions of the body, and more specifically in the comparison of the hand-arm system and the whole body, vibration exposure will affect specific locations within the body differently. The resonant frequency of a standing person has been suggested to be between 8-10 Hz, with a second resonance peak at 20 Hz [8, 9] . The lumbar region is susceptible to vibration induced back pain and disk degeneration caused by vibration in the frequency range of 4-8 Hz. In contrast, the hand-arm system as a whole is at a greater risk in the frequency range of 20-40 Hz, and the fingers are at greater risk at frequencies above 100 Hz [10, 11] . When exposed to higher frequency vibration believed to be linked to HAV injury in humans, structural damage has been documented to occur within the muscle fibres of animals [12, 13] . Vascular responses to vibration of the tail in rats have been shown to be frequency dependent, with the greatest risk of injury at 250 Hz [14] . If miners experience localized damage to their feet from direct vibration exposure, it is plausible that this would occur when the dominant vibration frequency is within the range associated with hand-arm vibration syndrome.
The determination of effects in the feet due to direct vibration exposure is complicated by the fact that HAVS due to hand-arm vibration may also be associated with effects in the feet [15] . The hypothesized mechanism is a generalized activation of the sympathetic nervous system. Mining equipment often exposes workers through two contact entry points, their hands and feet. In a study conducted by Hedlund [16] , six of 27 miners displayed Raynaud's phenomenon in their feet after having stood on platforms with attached drills. A case study from Korea also presents the findings of a rock drill operator experiencing Raynaud`s phenomenon of the toes or "vibration-induced white toes" [17] . The studies described by Hedlund [16] and Choy [17] both involved a mixture of hand and foot vibration exposure. However, a case report on "vibration-white foot" by Thompson and colleagues [18] depicts a miner with vibration induced white feet. Thompson and colleagues [18] describes the first case report in the English literature in which the findings of vascular effects in the feet appear to be independent of the vascular effects in the hands.
In underground mining, vibration that enters the body via the feet is often initiated by a drill that has caused a working platform (that a worker is standing on) to vibrate. Varied effects of vibration are then received through two points of entry to the body, hands (via the drill) and feet (via the platform). Researchers have yet to classify and characterize the frequency spectrum for the platforms that are vibrating in the mining industry. Preliminary case studies, as well as the health effects experienced as a result of whole-body and hand-arm vibration, warn of certain frequencies possibly causing health effects both locally in the feet and throughout the whole body [16, 18] . Therefore, the primary objective of the current study was to measure and document the dominant frequency and acceleration magnitude of vibration entering the feet through vibrating platforms. The secondary objective was to examine potential health risks based on guidance provided in ISO 2631-1 and the third objective was to determine operator musculoskeletal discomfort associated with foot-transmitted vibration.
METHODS
The procedures in this study were approved by the Laurentian University Research Ethics Board and all participants gave informed consent prior to the commencement of vibration measurement.
Participants, Test Location and Equipment Selection
Seven male workers from four mines in Northern Ontario were recruited from a sample of convenience. The workers had a mean age of 36 years, a mean height of 177 cm and mean mass of 91 kg. The equipment operator's demographic information is presented in Table I . Equipment that was primarily operated from a standing position, resulting in vibration exposure at the workers' feet, was selected Examination of vibration characteristics, and reported musculoskeletal discomfort for workers exposed to vibration via the feet for testing. Consequently, five different types of equipment were selected for testing. Tested equipment was classified as a "primary vibration source" if the vibration measured at the worker's feet was generated from an engine required to move the vehicle (locomotive, n=2). Tested equipment was classified as "secondary vibration source" if the vibration measured at the worker's feet originated from a drill or other tool attached to or resting on the surface a worker stood on; jumbo drill (n=1); metal raise platform (n=2); wood raise platform (n=1); and bolter (n=1). Vibration exposure measurements were collected under typical working conditions. Two testing conditions were performed on the metal raise platform. A typical drill and an "anti-vibration" drill were utilized during the data collection and were separated into two trials for comparison: metal raise 1 was the typical drill and metal raise 2 was the "anti-vibration" drill.
Table I
Participant Work History and Demographic Information
Testing Conditions
All equipment was measured under typical mining operating conditions. The testing conditions for each piece of equipment are further described in Table II . The vibration exposure measured for the Jumbo Drill was conducted with only a single boom in operation. The wooden raise was measured with two drills in operation. Metal raise 1 had one typical drill in operation. The metal raise 2 measurement was collected on the same platform as metal raise 1, but the worker utilized an "antivibration" drill to perform the job task. The bolter measurement was taken on a newly engineered dampened platform where the worker stands to operate the controls. The platform was designed as an intervention strategy to reduce the vibration exposure. A typical older model also currently found within mines would not have the dampened platform. Mallorie Leduc, Tammy Eger, Alison Godwin, James P. Dickey and Ron House
Data Collection
Prior to all vibration measurements participating workers were asked to answer questions regarding their work history and musculoskeletal symptoms (pain, aches, discomfort) including severity (1 = mild; 4= very, very severe) in the last 6-months. Table I highlights the equipment operators' work history as well as their daily and lifetime exposure to vibration. The equipment operators had an average of 17 years of operation and estimated their daily vibration exposure to be between 4-8 hours for all equipment. The bolter measurements were collected at an underground mine training facility and as a result no demographic or work history information was collected from the operator.
Vibration Measurement at the Feet
Two Series 2 10G triaxial accelerometers (NexGen Ergonomics, Montreal, QC, CND) were used to collect all vibration measurements in accordance with ISO 2631-1 standards [19] . One of two methods was used to secure the accelerometers to the floor surface as close as possible to the location where the worker was required to stand to operate the equipment. If the floor surface was metal, an accelerometer was secured to the floor with a magnet. If the magnet could not be used to fix the accelerometer to the floor, the accelerometer was secured inside a rubber pad (seat pad as described in ISO 2631-1) and the rubber pad was taped to the floor surface and the participating worker was asked to stand on the edge of the flat rubber pad. All vibration measurements recorded by the accelerometers were stored on a portable datalogger, DataLOG II P3X8 (Biometrics, Gwent, UK). The measurements were collected with a sampling frequency of 500 Hz, which is typically used for whole-body measurements. The duration of each trial was dependent upon the type of equipment being tested and the duration of a typical operating cycle. However, vibration data were typically collected for approximately 10 -60 minutes for each worker in order to ensure a representative sample for each working condition. A complete description of testing conditions and duration of measurement is provided in the results section (Table II) .
Data Analysis
Vibration data measured in the field was processed with Vibration Analysis Toolkit v 3.4.3 (NexGen Ergonomics, Montreal, QC, CND). The International Organization for Standardization (ISO) provides guidelines for vibration exposure and measurement in ISO 2631-1 [19] . The guidelines apply to situations where an individual is exposed to vibration while in a seated, standing, or recumbent posture [19] . The vibration magnitude is reported as a frequency weighted root-mean-square acceleration (aw x , aw y , aw z ) which accounts for frequencies known to be associated with detrimental health effects. The frequency-weighted root-mean squared acceleration values were calculated using the appropriate weighting factors as described in ISO 2631-1 (x-axis = Wd; y-axis = Wd; z-axis = Wk). The ISO 2631-1 provides health guidance caution zones for an eight hour vibration exposure time period. The eight hour health caution zone (HGCZ) lies between 0.45 m/s 2 and 0.9 m/s 2 . If the acceleration value in the dominant axis is below 0.45 m/s 2 , health effects due to the vibration exposure are unlikely. Values within the health guidance caution zone suggest that a worker's health may be at risk and injury may occur. Furthermore, values exceeding 0.9 m/s 2 suggest that the vibration exposure is more likely to result in a detrimental effect to the worker's health. Therefore, measured vibration exposure at the feet was compared to the ISO 2631-1 HGCZ in order to determine potential injury risk.
RESULTS

Standing Vibration Characteristics
The standing vibration descriptive characteristics are displayed in Table III . The zaxis was the dominant axis, associated with the highest levels of acceleration, for all equipment. The bolter had the lowest average frequency-weighted RMS acceleration, 0.11 m/s 2 in the z-axis, compared to all other equipment. The wooden Examination of vibration characteristics, and reported musculoskeletal discomfort for workers exposed to vibration via the feet raise and metal raise-1 had the highest average frequency-weighted RMS accelerations (1.13 m/s 2 and 1.08 m/s 2 ). The two primary sources, the locomotives, exposed workers to similar levels of z-axis vibration, 0.43 m/s 2 and 0.36 m/s 2 .
Vibration exposure resulting from a primary source had a dominant frequency below 6.3 Hz (Figure 1 ). In contrast, the dominant frequencies recorded from secondary source exposures were predominantly in the 31.5 to 40 Hz range. The bolter was an exception among secondary sources, having a measured dominant frequency of 5 Hz.
Table III
Vibration Characteristics from Equipment and Platforms Associated with Foot-Transmitted Vibration.
Predicted Health Risk
The A(8) values and the corresponding health risk evaluation according to the ISO 2631-1 HGCZ for the primary and secondary sources are shown in Table IV and Figure 1 . Two of the secondary sources, the wooden raise platform and the metal raise platform 1, exposed the workers to vibration levels at the feet that were above the health guidance caution zone, 1.13 m/s 2 and 1.08 m/s 2 , respectively, when the 8-hour frequency-weighted RMS acceleration exposure levels were considered [19] . Metal raise platform 2, under operation of the "anti-vibration" drill, produced vibration levels that were within the HGCZ, with a value of 0.8 m/s 2 . The jumbo drill and the bolter were below the HGCZ. Further, the two locomotives (primary sources exposure equipment) were also below the HGCZ.
Musculoskeletal Discomforts and Injuries
The results from the Mining Equipment Operator Musculoskeletal Disorder Questionnaire are displayed in Figure 2 . Two workers, the jumbo drill operator and the wooden raise miner, indicated a diagnosis of vibration white feet in conjunction with vibration white hands. All other equipment operators reported discomfort in their lower limbs. One primary source operator reported a unique concern, mild discomfort or pain in his neck and also reported lower limb discomfort. 
DISCUSSION
The primary objective of the study was to measure and document the dominant frequency and acceleration magnitude of vibration entering the feet. The main findings highlight the differences found in the vibration characteristics between primary (0.36 m/s 2 and 0.43 m/s 2 , 3-6 Hz) and secondary sources (0.16 m/s 2 -1.13 m/s 2 , 5-40 Hz). There is a large difference in the dominant frequency produced by equipment that has a motor to cause locomotion (primary source) and platforms that vibrate from drills/bolters (secondary source). Previous literature indicates the importance of dominant frequency and the impact on health if the dominant frequency is within the range of the resonant frequency of the body [10, 11] . Secondarily, the HGCZ was used to determine potential health risks [19] . In addition, the differences in musculoskeletal discomfort were documented. It is Examination of vibration characteristics, and reported musculoskeletal discomfort for workers exposed to vibration via the feet suggested that the differences documented in vibration characteristics between primary and secondary sources influenced the likelihood of injury, based on ISO 2631-1, and the reported worker musculoskeletal discomfort. The two primary sources (locomotives) are below the HGCZ limits associated with eight hours of exposure. However, the locomotives monitored in this study produced lower than previously reported vibration levels [2] . All three raise conditions (secondary sources) were within or above the HGCZ.
Despite the lower magnitudes of the vibration exposure, the dominant frequency recorded at the feet of the locomotive operators was in the range associated with "whole-body" health effects. The common finding of reported back pain or discomfort is in accordance with the increased susceptibility of the lumbar region to damage following vibration exposures in the frequency range of 4-8 Hz [20, 10, 1] . The unique reporting of pain or discomfort in the neck by the locomotive operator may suggest that with a larger sample, detrimental health effects may be reported throughout the worker's entire body.
The wooden raise miners experienced the highest levels of vibration and were above the HGCZ when the average frequency-weighted RMS acceleration levels for eight hours were considered. The standard, ISO 2631-1 [19] suggests that workers would be likely to experience health effects as a result of the vibration exposure. The metal raise platform 1 also exposed workers to vibration levels that are above the HGCZ. When the "anti-vibration" drill was in operation on metal raise 2, the vibration exposure was decreased but remained within the HGCZ. However, caution is warranted, as health risks may still be present for workers exposed to vibration levels within the HGCZ [19] .
The jumbo drill exposure level in the z-axis is comparable to the exposure values documented by Eger and colleagues [2] , who also reported that the jumbo drill is below the HGCZ for an eight hour exposure. However, workers standing on the jumbo drill and raise platforms experienced a dominant frequency of 40 Hz which is associated with hand-arm vibration syndrome [10] . Likewise, the exposure to the feet documented by Hedlund [16] , in which six of the 27 miners had Raynaud's phenomenon in their feet and 11 had typical symptoms in their hands, had a dominant frequency of 40 Hz. As a result of the dominant frequency of the vibration exposure likely corresponding with a potential resonant frequency in the feet, the health effects within the feet of these workers were exacerbated. The jumbo drill operator and one of the raise workers in this study described their diagnosis of white feet. The miner diagnosed with vibration induced white feet in the case study presented by Thompson and colleagues [18] used similar drills while drilling off scissor lifts and operated a roof bolter for 18 years.
In comparison with other secondary sources, the bolter was found to have a lower dominant frequency. The bolter measurement was performed on a dampened platform engineered to attenuate vibration as it travels through the platform to the worker. Amplification and attenuation are dependent on the structural resonances occurring in the transmission path of the vibration between the drill/bolter and the worker [21] . The characteristics of the vibration are altered by the transmission path through the structure from the source (drill) to the feet of the worker standing on the platform [21] . As a result, the dampened platform was engineered to attenuate the vibration in the location where the worker stands. Based on the results in this study, the modified platform had lower vibration acceleration levels compared to previous reports in the literature; however, mines typically have older models of the bolter which do not include the dampened platform [2] .
This study represents the first attempt to document vibration characteristics for workers exposed to standing vibration; however, limitations need to be considered given the small sample size and lack of multiple pieces of equipment for comparison within each group. Furthermore, the underground environment and conditions were also unable to be controlled during the testing of the equipment as all measurements were conducted while the workers performed their normal work requirements. In addition, the jumbo drill more consistently drills with two booms operating simultaneously as opposed to the single boom operation condition measured within the study. Likewise, there is typically more than one drill operating while multiple workers perform their job tasks on a metal raise. Further testing is needed to increase the number of pieces of equipment tested to allow for a broader comparison amongst the equipment's resulting vibration exposure and the corresponding worker's health effects. More specifically, vibration measurements from a larger sample of secondary source equipment should be collected to further our understanding of the relationship between 30-40 Hz vibration exposure at the feet and resulting health effects to the feet and lower limbs.
Furthermore, it can be noted that there is a large difference between the resonant frequency of the hands and feet in comparison to the back and lumbar region [10] . Therefore, ISO 2631-1 whole-body vibration standards, which place the greatest emphasis on lower frequency ranges, may not adequately address the health risks at the feet [19] . Consequently, it may be more appropriate to determine the health risks associated with vibration exposures at the feet by referring to the guidance in ISO 5349-1 and not solely on ISO 2631-1 [22, 19] . Future measurements should include both methods of data collection and analysis in order to predict the likelihood of health risk more specifically to the worker's feet and toes. In the vibration-white foot case study, Thompson and colleagues [18] , also suggest that ISO 2631-1 may not be providing workers with the necessary protection against foot specific health effects. Further investigation using both ISO 2631-1 and ISO 5349-1 is warranted to determine long-term health effects resulting from vibration exposure via the feet [19, 22] .
CONCLUSION
Mining equipment operators are exposed to foot-transmitted vibration when driving locomotives and drilling/bolting off platforms. Locomotive operation produced a zaxis dominant frequency below 6.3 Hz with a vibration magnitude less than 0.43 m/s 2 . Drilling off a raise platform resulted in the greatest magnitude of z-axis FTV, 1.13 m/s 2 , with a dominant frequency of 40 Hz. All operators exposed to FTV reported lower limb discomfort and two workers indicated they had been diagnosed with vibration-induced-white-foot. Additional research is required to confirm an association between foot-transmitted vibration and vibration-induced-white-foot.
